Introduction
============

Chronic ethanol consumption can negatively affect central nervous system function and produce learning and memory impairment in animals and humans ([@B01] [@B02] [@B03]). The hippocampus, a region important for memory function, can recover from memory dysfunction caused by prolonged ethanol intake ([@B04] [@B05] [@B06] [@B07]). Electrophysiological, morphological and behavioral studies have shown that changes in the hippocampus can be induced by chronic alcohol intake ([@B08],[@B09]). For the age group 15-64 years in the European Union, 3.4% of women and 15.3% of men are heavy drinkers, 1.5% of women and 5.4% of men have alcohol dependence, and 1 in 13 deaths in women and 1 in 7 deaths in men are caused by alcohol consumption ([@B10]).

Chronic ethanol consumption may play a role in the expression of neurotrophins and their receptors, or interfere with neural signal transduction pathways involving these proteins ([@B11]). The neurotrophin family includes neurotrophin-3 (NT-3), neurotrophin 4/5 (NT-4/5), nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF) ([@B12],[@B13]). Neurotrophin signaling is mediated by the low-affinity p75NTR receptor ([@B14]). NT-4/5 and BDNF can also bind to the tropomyosin receptor kinase B (TrkB) receptor ([@B15],[@B16]). As a neurotrophin associated with the survival and development of neurons, BDNF can regulate the activity of neurotransmitter systems ([@B17],[@B18]). Compared with other neurotrophic factors, BDNF may be directly involved in the development and pathogenesis of alcohol dependence ([@B19] [@B20] [@B21] [@B22]). It has been reported that the *BDNF* gene locus is associated with alcohol use ([@B23]), and even moderate ethanol intake can increase expression levels of BDNF ([@B24]). The Val66Met polymorphism in the *BDNF* gene is associated with an earlier occurrence of alcohol dependence and a higher risk of relapse ([@B25]). TrkB is activated by BDNF, and its downstream signaling pathways play an important role in suppressing epileptogenesis in the hippocampus ([@B26]).

In this study, we examined the expression of BDNF, as well as its receptors TrkB and p75NTR, in chronic alcoholic and abstaining dogs. Our aim was to provide insight into the molecular pathogenetic changes produced by alcohol in the nervous system, in an effort to identify potential therapeutic targets for treating alcohol-related behavioral disorders.

Animals and Methods
===================

Animals
-------

Dogs were provided by Professor Chen Huachang of the Psychiatry Department of the First Hospital of Harbin Medical University and Pharmacology Research Base of Harbin Medical University. After 1-2 weeks of adaptation and observation, 20 domestic dogs (9-10 months old, 15-20 kg; 10 males and 10 females) were fed diets mixed with 4 mL/kg alcohol (10, 20, 30, 40 or 50% of the total diet) for 5 days. After feeding the 50% diet, the dose was gradually increased to 8 mL/kg (to produce a drunken state) and maintained for 6 months. Body weights were measured each week. Subsequently, each animal was provided with a 2-kg diet mixed with alcohol and a 2-kg diet without alcohol for 3 days. Dogs that consumed significantly more diet mixed with alcohol than without alcohol (P\<0.01) were used as a model of chronic alcoholism.

Chronic alcoholic dogs were divided into alcoholism, low-dose drug intervention (Zhong Yao Jie Jiu Ling, whose main ingredient was the stems of watermelon; developed in our laboratory) and high-dose drug intervention groups, with 5 dogs in each group. The groups were fed saline solution (0.5 mL/kg), drug at 5 mg/kg and drug at 10 mg/kg, respectively, 1 h after dinner by gavage once a day for 7 consecutive days. Subsequently, each animal was provided with 2-kg diet mixed with alcohol and 2-kg diet without alcohol for 3 days. Food intake and body weight were determined. This research protocol was approved by the Animal Experiment Ethics Committee of the First Affiliated Hospital of Harbin Medical University.

Hematoxylin-eosin staining of neurons in the hippocampus of alcoholic dogs
--------------------------------------------------------------------------

The animals were intravenously anesthetized by injection of phenobarbital, and bled through the femoral artery. The brains were removed and immersed in 4% formaldehyde for 48 h, then removed and dehydrated in a dehydrator overnight before embedding. Brains were cut into 2.5-μm sections and then baked for 20 min. Subsequently, sections were dewaxed with xylene three times for 10, 5 and 5 min. Then, sections were washed with 100, 95, 90 and 85% ethyl alcohol solutions for 1 min each and washed with water for 2 min. Next, sections were stained with hematoxylin, differentiated with hydrochloric acid alcohol solution, treated with 1% ammonia, and stained with eosin. After washing with water for 1 min, and then 85, 90, 95 and 100% ethyl alcohol for 1 min each, sections were cleared in xylene for 2 min and cover-slipped with resin.

Immunohistochemistry
--------------------

Brains were removed, dehydrated and sectioned as described above. Sections were then baked in a 70°C oven for 4 h. Thereafter, sections were dewaxed with xylene three times for 10 min each. After two washes in absolute ethanol for 30 s to 1 min, sections were incubated for 8-10 min in 3% hydrogen peroxide to block endogenous peroxidase, and then washed in a graded ethanol series of decreasing concentration. Sections were subsequently washed with water and distilled water three times, and then incubated in phosphate-buffered saline (PBS). After antigen retrieval and washing with PBS containing Tween, sections were blocked with 50 μL goat serum (Boster, China) for 20 min. Subsequently, sections were incubated with goat anti-BDNF, rabbit anti-TrkB or rabbit anti-p75NTR (ZSGB-Bio, China) antibody at 4°C overnight. After rewarming for 30 min, sections were incubated with 50 μL secondary antibodies PV-9003 Polink-2 plus Polymer HRP Detection System For Goat Primary Antibody and PV-9000 2-step plus¯Poly-HRP Anti-Mouse/Rabbit IgG Detection System (ZSGB-Bio, China) for 20 min. Sections were washed with PBS containing Tween and then incubated with 3,3′-diaminobenzidine tetrahydrochloride (DAB; ZSGB-Bio, China), stained with hematoxylin, differentiated with hydrochloric acid alcohol solution, treated with 1% ammonia, dehydrated with ethanol and dried overnight. Sections were cleared in xylene for 10 min and cover-slipped with resin. The number of cells positive for BDNF, TrkB and p75NTR was assessed in the granular cell layer of the DG and the pyramidal cell layer of the CA1, CA3 and CA4 regions.

Statistical analysis
--------------------

Four non-redundant fields (400×) were selected randomly under an optical microscope (Leica, Germany) for each section, and the number of cells positive for BDNF, TrkB and p75NTR were calculated and averaged. Data are reported as means±SD. Statistical analysis was conducted by one-way ANOVA using SPSS Statistics for Windows, Version 17.0 (IBM Corp., USA). P\<0.05 was considered to indicate statistical significance.

Results
=======

HE staining in the hippocampus of alcoholic dogs
------------------------------------------------

In the alcoholism group, hippocampal neurons were reduced in number, and characterized by a diffuse structure, disordered arrangement, absence of a nucleolus, and a hyperchromatic and pyknotic nucleus. Halos surrounded part of the cytoplasm, and some vacuoles showed signs of degeneration, with wider spacing and an irregular arrangement. In the alcoholism drug treatment groups, hippocampal neurons were increased in number and showed an orderly arrangement, and glial cell proliferation was evident. There were no obvious morphological differences between the low- and high-dose drug treatment groups ([Figure 1](#f01){ref-type="fig"}).

![Hematoxylin-eosin (HE) staining of the dentate gyrus (DG) and hippocampus (CA4, CA3, and CA1) in the four groups (bars: 100 mm). The arrows indicate neurons.](1414-431X-bjmbr-48-08-00703-gf001){#f01}

HE staining of neurons in the hippocampus of normal dogs
--------------------------------------------------------

In the control group, hippocampal neurons exhibited a normal morphology, were numerous, and had an orderly and compact arrangement. They displayed a large nucleoplasmic ratio, a well-defined nucleolus, as well as a circular or ellipsoid nucleus ([Figure 1](#f01){ref-type="fig"}).

BDNF immunohistochemical staining
---------------------------------

In the hippocampus, BDNF-positive cells were mainly concentrated in the granular cell layer of the DG and in the pyramidal cell layer of the CA1, CA3 and CA4 regions ([Figure 2](#f02){ref-type="fig"}). The number of BDNF-positive neurons in the different regions decreased in the following order: DG, CA1, CA3 and CA4. Compared with the control group, the number of BDNF-positive cells in the granular cell layer of the DG and in the pyramidal cell layer of the CA1, CA3 and CA4 regions were significantly decreased in the alcoholism group (P\<0.05). Compared with the alcoholism group, the numbers of BDNF-positive cells in the granular cell layer of the DG and in the pyramidal cell layer of the CA1, CA3 and CA4 regions were significantly increased in the high-dose drug treatment group (P\<0.05). Furthermore, compared with the alcoholism group, the numbers of BDNF-positive cells in the granular cell layer of the DG and in the pyramidal cell layer of the CA1, CA3 and CA4 regions were increased in the high-dose drug treatment group, but only the CA4 region showed a statistically significant difference (P\<0.05). Moreover, the DG, and the CA1, CA2, CA3 and CA4 regions displayed significant differences between the high-dose drug treatment and control groups (P\<0.05). Only the CA4 region in the low-dose drug treatment group showed a statistically significant difference from control (P\<0.05; [Table 1](#t01){ref-type="table"}).

![Brain-derived neurotrophic factor (BDNF)-positive neurons in the dentate gyrus (DG) and hippocampus (CA4, CA3, and CA1) in the four groups (bars: 100 mm). The arrows indicate BDNF-positive neurons.](1414-431X-bjmbr-48-08-00703-gf002){#f02}

In the control group, pyramidal cells in the CA1, CA3 and CA4 regions were densely arranged, and had longer processes and were deeply stained. In the alcoholism group, pyramidal cells in the CA1, CA3 and CA4 regions were loosely arranged and reduced in number, but in the few remaining BDNF-positive neurons, the cytoplasmic staining was noticeably darker, and the nucleus was clearly visible. In the low- and high-dose drug treatment groups, pyramidal cells in the CA1, CA3 and CA4 regions were densely arranged, but were reduced in number. Granulosa cells in the DG showed similar changes, and changes in their number were more substantial.

TrkB immunohistochemical staining
---------------------------------

In the hippocampus, TrkB-positive cells were mainly concentrated in the granular cell layer of the DG and in the pyramidal cell layer of the CA1, CA3 and CA4 regions ([Figure 3](#f03){ref-type="fig"}). The number of TrkB-positive neurons in the four regions decreased in the following order: DG, CA1, CA3 and CA4. Compared with the control group, the numbers of TrkB-positive cells in the pyramidal cell layer of the CA1, CA3 and CA4 regions were significantly reduced in the alcoholism group (P\<0.05). Compared with the alcoholism group, the numbers of TrkB-positive cells in the DG, and in the CA1, CA3 and CA4 regions were not significantly changed in either the low- or high-dose drug treatment group (P\>0.05). Additionally, compared with the alcoholism group, the numbers of TrkB-positive pyramidal cells in the CA1, CA3 and CA4 regions were increased in the low-dose drug treatment group, but only the CA1 and CA4 regions showed a significant difference (P\<0.05). Furthermore, the low- and high-dose drug treatment groups showed no significant difference from the control group (P\>0.05), although the numbers were not as high ([Table 2](#t02){ref-type="table"}).

![Tropomyosin receptor kinase B (TrkB)-positive neurons in the dentate gyrus (DG) and hippocampus (CA4, CA3, and CA1) in the four groups (bars: 100 mm). The arrows indicate TrkB-positive neurons.](1414-431X-bjmbr-48-08-00703-gf003){#f03}

In the control group, pyramidal cells in the CA1, CA3 and CA4 regions were densely arranged, and had long processes and were deeply stained. In the alcoholism group, cells in the CA1, CA3 and CA4 regions showed signs of necrosis, were decreased in number, and were loosely arranged. Furthermore, the pyramidal cell layer was thinner, nuclei appeared light, the extracellular matrix seemed loose, and microcavity formation was evident. In the low- and high-dose drug treatment groups, pyramidal cells in the CA1, CA3 and CA4 regions were densely arranged, but were fewer in number. Granulosa cells in the DG showed similar changes, although changes in their number were more substantial.

p75NTR immunohistochemical staining
-----------------------------------

In the hippocampus, p75NTR-positive cells were mainly concentrated in the granular cell layer of the DG and in the pyramidal cell layer of the CA1, CA3 and CA4 regions ([Figure 4](#f04){ref-type="fig"}). The number of positive neurons in these regions decreased in the following order: DG, CA1, CA3 and CA4. Compared with the control group, the number of p75NTR-positive cells in each of these regions was significantly increased in the alcoholism group (P\<0.05). Compared with the alcoholism group, the number of p75NTR-positive cells in each of these regions was significantly decreased in the high-dose drug treatment group (P\<0.05). In addition, compared with the alcoholism group, the numbers of p75NTR-positive cells in the DG and the CA4 region in the low-dose drug treatment group were also significantly decreased (P\<0.05). Furthermore, compared with the alcoholism group, the number of p75NTR-positive cells in the low- and high-dose drug treatment groups were decreased, and there was no statistically significant difference from the control group (P\>0.05; [Table 3](#t03){ref-type="table"}).

![p75 neurotrophin receptor (p75NTR)-positive neurons in the dentate gyrus (DG) and hippocampus (CA4, CA3, and CA1) in the four groups (bars: 100 μm). The arrows indicate p75NTR-positive neurons.](1414-431X-bjmbr-48-08-00703-gf004){#f04}

In the control group, pyramidal cells in the CA1, CA3 and CA4 regions were densely arranged, and had long processes and were deeply stained. In the alcoholism group, pyramidal cells in these regions were reduced in number, less well defined and loosely arranged. In the remaining p75NTR-positive neurons, the cytoplasmic staining was noticeably darker, and the nucleus was visible. Granulosa cells in the DG showed similar changes, although changes in their number were more substantial.

Discussion
==========

In this study, differences in the expression of BDNF and its receptors TrkB and p75NTR in the hippocampus of chronic alcoholic and abstaining dogs were evaluated. BDNF, TrkB and p75NTR-positive cells in the hippocampus were mainly localized in the granular cell layer of the DG and the pyramidal cell layer of the CA1, CA3 and CA4 regions. The number of immunopositive neurons in these four regions decreased in the following order: DG, CA1, CA3 and CA4. In the hippocampus, the expression levels of BDNF and TrkB were reduced in chronic alcoholism, while they were increased in abstinence. In contrast, p75NTR showed an opposite change in expression.

As a chronic disease state, alcohol dependence is associated with neurological illness. Through binding with the TrkB receptor, BDNF activates the MAPK signaling pathway, which plays a major role in alcohol addiction ([@B20]). The neurotrophin receptor p75NTR can mediate NGF-induced survival signaling in hippocampal neurons by activating the neurotrophin receptor pathway ([@B27]). BDNF is involved in learning and memory by mediating synaptic plasticity and facilitating long-term potentiation ([@B28]). BDNF produces axonal morphological changes through TrkB signaling mechanisms that recruit a complex network of signaling pathways. p75NTR signaling pathways can lead to axonal degeneration by suppressing TrkA-mediated signaling ([@B29]).

Our findings demonstrated that after long-term heavy drinking, the expression of BDNF decreases. Consistent with this, *in vivo* experiments have shown that acute exposure of neurons to ethanol can lead to increased expression levels of BDNF via the scaffolding protein RACK1, but sustained exposure to ethanol can result in a decrease in BDNF expression ([@B30]). In a study of depression, downregulation of BDNF was found in specific hippocampal areas (CA1 and DG), but after antidepressant treatment, BDNF expression significantly increased, indicating that BDNF may play a role in antidepressant therapy ([@B31]). This is in accordance with the results of our present study. We found that expression of BDNF and TrkB increased after abstinence, suggesting that abstinence may be essential in protecting the nervous system.

In our study, after nearly 6 months of chronic alcohol intake, BDNF-positive neurons in the hippocampus of chronic alcoholic dogs were significantly fewer than in the control group, similar to its receptor, TrkB. We found that the CA1, CA3, CA4 and DG regions displayed similar changes in expression. Furthermore, it appears that pyramidal cells in the CA4 are more sensitive to alcohol toxicity. However, our findings differ somewhat from a previous study that the expression of BDNF mRNA is increased in the CA2 and DG, but not the CA1 ([@B24]), suggesting that different areas of the hippocampus have different sensitivities to alcohol. This contrasting finding might result from differences in the model used and in the abstinence protocol.

In conclusion, changes in BDNF and TrkB expression were positively correlated with each other in the hippocampus in chronic alcoholism and abstinence. In contrast, changes in p75NTR expression were negatively correlated with changes in BDNF and TrkB expression. However, further studies are necessary to unravel the mechanisms underlying the pathogenesis of chronic alcoholism.
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